Although several genes that might mediate p53-induced apoptosis have been proposed, none have previously been shown to play an essential role in this process through a rigorous gene disruption approach. We used a gene-targeting approach to evaluate p53-mediated death in human colorectal cancer cells. Expression of p53 in these cells induces growth arrest through transcriptional activation of the cyclin-dependent kinase inhibitor p21. If p21 is disrupted via gene targeting, the cells die through apoptosis. If the PUMA gene is also disrupted in such cells, apoptosis is prevented. The effects of PUMA on apoptosis were observed after exogenous overexpression of p53 as well as after exposure to hypoxia, a physiologic activator of p53, and DNA damage. The PUMA protein interacts with Bcl-X L and promotes mitochondrial translocation and multimerization of Bax. Accordingly, genetic disruption of BAX makes cells resistant to the apoptosis resulting from PUMA expression. These results suggest that the balance between PUMA and p21 is pivotal in determining the responses to p53 activation and provide a model for understanding the basis of p53 mutations in human cancer.
T
hat the p53 pathway is inactivated in the great majority of human cancers has stimulated an avalanche of research to understand the basis for its tumor suppressor activities (1) (2) (3) . Of the many physiologic effects of p53 that have been described, current evidence suggests that apoptosis is critical for its tumor suppressor activities (4) (5) (6) . At the biochemical level, it is known that p53 is a transcription factor that binds to specific sequences within the promoters of various genes and activates their expression (7) . These genes include two major classes, one that controls the cell cycle and one that controls apoptosis. Although rigorous genetic evidence has supported the hypothesis that the first class of genes is required for p53-dependent growth arrest, no analogous evidence has definitively implicated any specific p53-regulated gene as an essential mediator of p53-dependent apoptosis (8, 9) .
In mammalian cells, apoptosis is regulated by Bcl-2 family proteins (10, 11) . This family includes multidomain members such as Bcl-2, Bcl-X L , and Bax and the ''BH3-only'' group of proteins, each of which contains a single amphipathic Bcl-2 homology (BH) domain (12) . As sensors of discrete apoptotic stimuli, these BH3-only proteins interact with the multidomain Bcl-2 family proteins to either antagonize or activate their function (13, 14) . As a result, a cascade of downstream events is triggered, including collapse of mitochondrial membrane potential, release of the apoptogenic mitochondrial proteins cytochrome c and SMAC, and activation of caspases (15) .
In a systematic examination of the genes that were activated by p53 in apoptosis, we identified a BH3-only protein termed PUMA (p53 up-regulated modulator of apoptosis) that has an expression pattern consistent with a causative role in p53-dependent apoptosis (16) . The same gene was independently identified by others (17, 18) . PUMA can be directly activated by p53 through p53-responsive elements in its promoter region. Accordingly, PUMA is induced by the chemotherapeutic agents 5-fluorouracil and adriamycin in a p53-dependent fashion. The protein encoded by PUMA was exclusively localized to mitochondria where it interacted with Bcl-2 and Bcl-X L through its BH3 domain. Exogenous expression of PUMA resulted in rapid and complete apoptosis in a variety of cancer cell lines (16) (17) (18) .
In this study, we demonstrate through gene-targeting experiments that PUMA plays an essential role in mediating the apoptotic responses to p53. We show that PUMA functions through Bax and propose a general model for the control of cell birth and death in tumors that reconciles much previous data on this topic.
Materials and Methods
Gene Targeting. HCT116 cells were obtained from the American Type Culture Collection. HCT116 cells with two intact copies of PUMA were transfected with the bipartite targeting vectors shown in Fig. 1A by using Lipofectamine (Invitrogen) and selected with geneticin (0.4 mg͞ml) for 3 weeks. The use of bipartite targeting vectors for homologous recombination in general is described in ref. 19 . Geneticin-resistant clones were pooled and screened for targeting events by PCR with the primers P1 (5Ј-GGTGTGCAGGTCTTATCTCTG-3Ј) and P2 (5Ј-TTGTGCCCAGTCATAGCCG-3Ј). Two PCR-positive clones were recovered from Ϸ4,000 geneticin-resistant clones. The neomycin-resistance gene was excised from the heterozygous clones after infecting cells with an adenovirus (Ad) that expresses Cre recombinase (Ad-Cre) (19) . The same targeting construct pair was then used to target the second allele of PUMA. Homologous recombination at the PUMA locus was verified by genomic Southern blotting and analysis of PUMA protein by immunoblotting.
Cell lines with targeted disruptions of both alleles of the p21 gene or of the BAX gene have been described (20, 21) .
To generate cell lines that were deficient in both PUMA and p21, the neomycin-resistance gene was excised from PUMA Ϫ/Ϫ cells with Ad-Cre. Targeting of the two alleles of p21 was as described (20) . Homologous recombination at the p21 locus was verified by genomic Southern blotting and analysis of p21 by immunoblotting.
Cell lines that were deficient in both p21 and BAX were isolated by incubating p21 Ϫ/Ϫ cells in the presence of 500 M of indomethacin for 72 h, as described in ref. 21 . Of 10 clones recovered after this procedure, eight were found to have deletions of both alleles of the G 8 tract within the BAX coding region. The absence of Bax protein in all of these clones was confirmed by immunoblotting.
All lines were maintained in McCoy's 5A media (Invitrogen) supplemented with 10% FBS (HyClone), 100 units͞ml penicillin, and 100 g͞ml streptomycin at 37°C.
PUMA-and p53-Inducible Cell Lines. The generation of DLD-1 cells in which PUMA and p53 could be induced under control of a doxycycline-sensitive promoter has been described (16, 22) . In these lines, doxycycline was removed from the media to induce expression of p53 or PUMA. In some cases, the caspase inhibitor Z-VAD (50 M, Enzyme Systems Products, Livermore, CA) was added to the medium 8 h before doxycycline was removed. All inducible lines were maintained in McCoy's 5A medium (Invitrogen) supplemented with 10% FBS (HyClone), 100 units͞ml penicillin, 100 g͞ml streptomycin, 0.4 mg͞ml G418 (Invitrogen), 0.25 mg͞ml hygromycin B (Calbiochem), and 20 ng͞ml doxycycline at 37°C.
Ads. Ads expressing the WT PUMA gene or a PUMA gene with a deletion of the BH3 domain were generated by using the AdEasy system (23) . In brief, a fragment containing a human PUMA cDNA fused to a double hemagglutinin (HA)-epitope tag was excised from the constructs HA-PUMA or HA-PUMA⌬BH3 (16) , by using the restriction enzymes KpnI and BamHI, and inserted into the shuttle vector pAdTrack-CMV. After recombination with the pAdEasy-1 vector, high-titer viruses were generated in 293 cells. Viruses were purified by CsCl 2 gradient centrifugation at 32,000 rpm (Sorvall SW41 rotor), and titers were assayed through measurement of the number of enhanced GFP-positive cells after infection of 293 cells. Ads expressing p53 (Ad-p53) or a mutant p53R175H (Ad-R175H) have been described (22) .
Expression Constructs. GFP-PUMA fusion expression vectors and their variants were constructed by cloning PCR products of pHA-PUMA or pHA-PUMA⌬BH3 into the pEGFP-C1 vector (CLONTECH). In all cases, the expression vectors were verified to be free of unexpected mutations in PUMA through complete sequencing. These PUMA expression constructs were transfected into the retinal epithelial cell line 911 (gift of A. J. Van der Eb, University of Leiden, Leiden, The Netherlands) on glass chamber slides (Nalge Nunc͞Lab-Tek). The expression of fusion proteins was verified by fluorescence microscopy and immunoblotting with a rabbit polyclonal antibody against GFP (CLON-TECH). Twenty hours after transfection, the mitochondria were stained with MitoTracker red (0.1 M, Molecular Probes). Slides were processed and analyzed by microscopy as described (16) , except that nuclei were counterstained with 1 g͞ml 4Ј,6-diamidino-2-phenylindole (DAPI) instead of Hoechst dye.
Hypoxia. Hypoxia was generated through incubation of cells in a GasPak System (Becton Dickinson) maintained at 37°C in the presence of 25 mM Hepes.
Antibodies. A PUMA-specific antibody was generated in rabbits by using the synthetic peptide RARQESSPEPVEGLA corresponding to amino acids 3-17. The p53, p21, HA, Cox IV, and ␣-tubulin proteins were detected by using mouse mAb DO1 (gift of David Lane, University of Dundee, Dundee, Scotland), OP64 (Oncogene Science), 12CA (Roche Applied Sciences), 20 E8-C12 (Molecular Probes), and OP06 (Oncogene Science), respectively. Bax and Bak were detected with rabbit polyclonal antibodies from Santa Cruz Biotechnology and Upstate Biotechnology (Lake Placid, NY), respectively. Cellular Fractionation. Two 75-cm 2 flasks of cells were harvested after a PBS wash at 4°C. Whole-cell pellets were resuspended in homogenization buffer (0.25 M sucrose͞10 mM Hepes, pH 7.4͞1 mM EGTA) and subjected to 40 strokes in a 2-ml Dounce homogenizer at 4°C. The homogenates were subjected to centrifugation at 1,000 ϫ g for 15 min at 4°C to pellet nuclei and unbroken cells. The supernatant was subsequently subjected to centrifugation at 10,000 ϫ g for 15 min at 4°C to obtain the cytosolic fraction (supernatant) and mitochondrial fraction (pellet). In some experiments, cells were cross-linked with 1 mM dithiobis (DSP; Pierce) at 37°C for 30 min before subcellular fractionation, and fractions were subjected to SDS͞PAGE under nondenaturing conditions followed by immunoblotting.
Apoptosis Assays. Cells (attached cells plus those floating in the medium) were harvested at various time points and fixed in a solution containing a final concentration of 3.7% formaldehyde, 0.5% Nonidet P-40, and 10 g͞ml DAPI in PBS. Apoptosis was assessed through microscopic visualization of condensed chromatin and micronucleation. At least two independent experiments were carried out for each condition, and a minimum of 300 cells were counted in each measurement.
Colony Formation Assays. Cells were infected with Ad-p53 or Ad-R175H virus for 48 h in 12-well plates and plated in six-well plates at dilutions of 1͞50, 1͞625, and 1͞50, corresponding to Ϸ2,000-4,000 cells before treatment. Cells with different BAX genotypes were infected with Ad-PUMA or Ad-PUMA⌬BH3 virus for 48 h and plated in 12-well plates at a dilution of 1͞1,000, corresponding to Ϸ100-300 cells before treatment. To test the GFP-PUMA expression constructs, DLD-1 cells (Ϸ2 ϫ 10 6 ) were transfected in 25-cm 2 (T25) flasks. Twenty-four hours after transfection, half of the cells were seeded in new T25 flasks under 1 mg͞ml geneticin selection. Cells were allowed to grow for 10-14 days before staining with Crystal Violet (Sigma). All experiments were repeated at least twice, and similar results were obtained in each trial.
Results
Gene Targeting of PUMA. The colorectal cancer cell line HCT116 was chosen for the current work because these cells have an intact p53 pathway and are susceptible to gene targeting through homologous recombination (20, 24) . By using the bipartite targeting system depicted in Fig. 1 A, we achieved a targeting frequency of Ϸ1 in 2,000 at the PUMA locus. A PCR-based strategy was used to screen for correctly targeted clones, and the results were confirmed through Southern blotting (Fig. 1B) . Two sequential rounds of targeting resulted in the generation of two clones, each of which behaved identically in subsequent assays. We also generated specific antibodies to PUMA and used them to show that PUMA protein was absent in the PUMA Ϫ/Ϫ cells (Fig. 1C) .
It has been shown that HCT116 cells undergo a growth arrest rather than apoptosis after exogenous p53 is expressed (25) . Accordingly, we found that HCT116 cells arrested their growth after infection with an Ad expressing p53 (Ad-p53). As expected, disruption of the PUMA gene did not alter this response (data not shown). Previous experiments have shown that the choice between growth arrest and apoptosis in colorectal cancers can be modulated by p21 WAF1/CIP1
(hereafter referred to as p21) (25, 26) . Accordingly, when the p21 gene was disrupted in HCT116 cells, a robust apoptotic response was observed after infection with Ad-p53 ( Fig. 2A) . Because these p21-disrupted cells were more amenable to investigations of the apoptotic effects of p53, we analyzed the effects of PUMA disruption in p21 Ϫ/Ϫ cells. Genetic disruptions of the two alleles of PUMA plus the two alleles of p21 were accomplished through four sequential rounds of gene targeting ( Fig. 1 B and C) . Four independent clones were obtained, each of which behaved identically in the assays described below.
PUMA Is Required for the Apoptosis Induced by Overexpression of p53.
The PUMA
Ϫ/Ϫ cells proved completely resistant to the apoptosis induced by Ad-p53 (Fig. 2 A) . Moreover, as these cells neither underwent growth arrest (because of the absence of p21) nor cell death (because of the absence of PUMA), they remained viable after p53 infection. Colony formation assays showed that p21 Ϫ/Ϫ cells failed to form colonies after p53 infection, whereas numerous colonies were formed after p53 infection of PUMA Ϫ/Ϫ , p21 Ϫ/Ϫ cells. In contrast, an Ad expressing a mutant p53 commonly found in tumors (p53R175, Ad-R175H) did not induce apoptosis or growth arrest in any HCT116 cell derivative (Fig. 2B) . The GFP marker present in the Ad-p53 constructs was used to demonstrate that all of the clonal cell lines used in this study could be infected with Ads to similar extents.
The BAX-PUMA Connection. We next attempted to determine the mechanisms through which PUMA induced apoptosis. As PUMA is a BH3 domain-containing protein found predominantly in mitochondria, we expected that its apoptotic effects would be related to the mitochondrial pathway of cell death (16) (17) (18) . We first tested various deletion constructs of PUMA to see which domains were required for mitochondrial localization and apoptotic induction (Fig. 3A) . We found that the C-terminal 43 residues were required for mitochondrial localization and apoptosis induction, whereas the BH3 domain was required for apoptosis but not mitochondrial localization ( Fig. 3 B and C) . Accordingly, a PUMA expression construct containing only the C-terminal 93 residues (C93, containing amino acids 101-193) was able to induce apoptosis at a level comparable to the full-length PUMA protein (Fig. 3C) . In contrast, PUMA constructs that did not contain both the BH3 domain and the C-terminal mitochondrial localization domain had no apoptotic effects (Fig. 3C) .
To evaluate further the apoptosis resulting from PUMA expression, we generated Ads expressing WT PUMA (Ad-PUMA) or a mutant PUMA gene missing the BH3 domain (Ad-PUMA⌬BH3). The proteins encoded by both Ads were localized to mitochondria but only the WT gene induced apoptosis (16) . This apoptosis was associated with depolarization of the outer mitochondrial membrane (Fig. 4A ) and activation of caspases (Fig. 4B) . The apoptosis induced by Ad-PUMA or Ad-p53 could be completely inhibited by Z-VAD, a pan-caspase inhibitor (Fig. 4C) .
Previous experiments have shown that BH3 domaincontaining proteins such as BIK and BID induce apoptosis in a Bax-or Bax͞Bak-dependent manner (13, 27, 28) . We found that the apoptosis induced by PUMA completely depended on the presence of intact Bax. After PUMA expression, Bax translocated to the mitochondria (Fig. 5A) and multimerized (Fig. 5B) . The extent of Bax multimerization was compatible with that demonstrated to cause pore formation in isolated mitochondria and artificial liposomes (29) . HCT116 cells in which the BAX genes had been disrupted through homologous recombination were completely resistant to the apoptotic effects of PUMA (Fig.  5C ), even though they still expressed Bak (Figs. 1C and 4B ). As expected, biochemical changes associated with apoptosis, such as depolarization of the outer mitochondrial membrane and activation of caspases, were completely absent in BAX Ϫ/Ϫ cells (Fig.  4 A and B) . The BAX Ϫ/Ϫ cells also formed many more colonies after Ad-PUMA infection than did parental cells (Fig. 5D) . It was of interest to test the colonies that did form after Ad-PUMA infection of parental HCT116 cells. The parental HCT116 cells are heterozygous for BAX, containing one WT and one mutant allele (21, 30) . We found that 10 of 28 colonies formed after infection with Ad-PUMA contained homozygous mutants of BAX, whereas only 1 of 28 colonies formed after infection with Ad-PUMA⌬BH3 contained homozygous BAX mutations (P Ͻ 0.02, 2 test). These spontaneously arising mutations strongly confirmed the importance of BAX in determining cell viability after PUMA expression.
PUMA Is Required for the Apoptosis Induced by Hypoxia and DNA-
Damaging Drugs. We also wanted to test the effects of disruption of PUMA on cellular responses to signals that elicit a p53 response. Treatment with the DNA-damaging drug adriamycin resulted in significant apoptosis of p21 Ϫ/Ϫ cells, and this response was attenuated in cells in which the PUMA gene had also been disrupted (Fig. 2C) . Although p53 can be activated by drugs like adriamycin, cells in vivo are generally not exposed to such agents, especially at the high concentrations used in vitro. We therefore chose to examine the responses of HCT116 cells to hypoxia, a more physiologic form of stress that is often naturally encountered during tumorigenesis. Previous experiments have shown that hypoxia activates p53 in vitro and within the cancer cell environment in vivo (31) . Exposure of p21 Ϫ/Ϫ cells to low concentrations of oxygen resulted in apoptosis. Isogenic p21 Ϫ/Ϫ cells that were also PUMA-deficient were highly resistant to such apoptosis, especially at early time periods (Fig. 2D) . As a control for this experiment, we also tested cells in which both p21 and the 14-3-3 genes had been targeted through homologous recombination (32); such cells were as susceptible to apoptosis induced by p53, DNA damage, or hypoxia because cells with only the p21 gene disrupted (Fig. 2 A, C, and D) . Finally, if BAX was epistatic to PUMA, as suggested previously, cells with disruptions of both p21 and BAX should be as resistant to apoptosis as cells with both p21 and PUMA disrupted. Two p21
clones were generated to test this hypothesis (Fig. 1D) . As shown in Fig. 2 , the absence of BAX, like the absence of PUMA, made p21 Ϫ/Ϫ cells relatively resistant to apoptosis.
Discussion
The results described above show that PUMA is essential for the apoptosis induced by exogenous or endogenous p53. Furthermore, they demonstrate that PUMA-induced apoptosis depends on the presence of Bax. These results provide the basis for a molecular model of the effects of p53 on cell growth and death (Fig. 5E) . As tumors progress, angiogenesis fails to keep pace and tumor cells become hypoxic (31, 33) . The hypoxia and resultant metabolic abnormalities induce p53, which in turn transcriptionally activates genes, including p21 and PUMA. The p21 induction results in inhibition of cyclin-dependent kinases and growth arrest. The PUMA induction results in Bax multimerization and mitochondria-dependent death. Cells that are mutant for p53 will not properly activate any of these pathways and will have a selective advantage in such microenvironments. Whether growth arrest vs. apoptosis, predominates will depend on the interaction with other signaling pathways (34) . For example, p21 can be induced by oxidative stress independently of p53 (35) (36) (37) .
This model explains some previously confusing observations. For example, it explains why p53 mutations arise only late in colorectal tumorigenesis, near the transition from benign tumor growth to malignancy (38) . It is only at this stage that significant hypoxia occurs, as indicated by the multiple necrotic regions commonly found within cancers but rarely found in benign precursor lesions. It also explains the interesting but curious relationship between Bax and p53. In this regard, it has been shown that BAX disruption can partially recapitulate the effects of p53 disruption in certain cellular contexts (21, 39, 40) . Yet in many cell types, including the HCT116 cells used here (Fig. 1C) , p53 expression does not result in a significant induction of Bax compared with PUMA or p21, excluding BAX as a direct target of p53 in these cases (16, (41) (42) (43) (44) (45) . Such results are consistent with the fact that the BAX gene promoter is only weakly bound to p53 in cells compared with the promoters of p21 or PUMA (46) . Our results reconcile these observations by demonstrating that BAX can function as an indirect target of p53 through the PUMA intermediary. They also support the idea that the BAX mutations found in cancers without p53 mutations create an apoptotic phenotype that is similar to that produced by p53 mutations (47) . Finally, it is notable that each of the steps of the model depicted in Fig. 5E has been rigorously tested through genetic disruption experiments in either mouse or human cells. It will be of interest to determine whether this model applies to other mammalian cell types as well as to simpler eukaryotes with ancestral p53 genes.
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